Introduction: To evaluate if interruptions of external beam radiation therapy impact outcomes in men with localized prostate cancer (PCa). Methods: We included men with localized PCa treated with three-dimensional conformal radiotherapy (3D-CRT) or intensity-modulated radiation therapy (IMRT) of escalated dose (≥74 Gy in 1.8 or 2 Gy fractions) between 1992 and 2013 at an NCI-designated cancer centre. Men receiving androgen deprivation therapy were excluded. The non-treatment day ratio (NTDR) was defined as the number of non-treatment days divided by the total elapsed days of therapy. NTDR was analysed for each National Comprehensive Cancer Network (NCCN) risk group. Results: There were 1728 men included (839 low-risk, 776 intermediate-risk and 113 high-risk), with a median follow up of 53.5 months (range 12-185.8). The median NTDR was 31% (range 23-71%), translating to approximately 2 breaks (each break represents a missed treatment that will be made up) for 8 weeks of RT with 5 treatments per week. The 75 percentile of NTDR was 33%, translating to approximately 4 breaks, which was used as the cutoff for analysis. There were no significant differences in freedom from biochemical failure, freedom from distant metastasis, cancer specific survival, or overall survival for men with NTDR ≥33% compared to NTDR<33% for each risk group. Multivariable analyses including NTDR, age, race, Gleason score, T stage, and PSA were performed using the proportional hazards regression procedure. NTDR≥33% was not significantly associated with increased hazard ratio for outcomes in each risk group compared to NTDR<33%. Conclusion: Unintentional treatment breaks during dose escalated external beam radiation therapy for PCa did not cause a significant difference in outcomes, although duration of follow up limits the strength of this conclusion.
Introduction
Prostate cancer is the most prevalent cancer diagnosed in men in the United States, aside from skin cancer. 1 External beam radiation therapy (EBRT) is a common treatment option used in patients; conventionally EBRT is typically delivered daily, Monday through Friday over about 8 weeks. During EBRT, patients may have unintentional interruptions and may miss multiple days (e.g. from holidays or unforeseeable reasons).
There is a concern that prolongation of radiation therapy (RT) from missing fractions may result in inferior outcomes because of accelerated repopulation. 2 Accelerated repopulation has been show to result in inferior outcomes in cancers of the head and neck, lung, anus, and cervix. [3] [4] [5] [6] For localized prostate cancer treated with 5-10 years from diagnosis, 10,11 >80% of men are alive 5-10 years from diagnosis, and over 60% of patients die of non-cancer causes. 12 The purpose of the current work is to evaluate the effect of treatment breaks during definitive RT for prostate cancer. This information may aid radiation oncologists in their discussions with patients regarding the impact of unintentional treatment breaks, which is a question commonly raised by patients.
Methods
From our institutional review board-approved, prospectively collected prostate cancer database, we selected men with clinically localized prostate cancer treated with primary definitive EBRT between 1992 and 2013. Patients treated with non-escalated RT (dose <74 Gy), androgen deprivation therapy (ADT), or with follow up <1 year were excluded. We excluded patients receiving <74 Gy because this dose is no longer a standard of care per the National Comprehensive Cancer Network (NCCN) guidelines. We excluded patients receiving ADT because this would be expected to improve biochemical outcomes among patients. 13, 14 The non-treatment day ratio (NTDR) was defined as the number of non-treatment days divided by the total elapsed days of therapy. This allows us to account for differences in total RT dose and planned RT duration. For example, for a radiation regimen of 80 Gy in 40 fractions delivered daily Monday through Friday, the NTDR would equal to 25.9% (14 weekend days/54 elapsed days) if beginning on Monday without any breaks, or 28.6% (16 weekend days/56 elapsed days) if beginning on any other weekday without any breaks. A ratio higher than this represents extended treatment breaks. The definition of the NTDR and its relation to our patient population is shown in Figure S1 .
Non-treatment day ratio was analysed for each NCCN risk group. 15 The outcomes were freedom from biochemical failure (FFBF), freedom from distant metastasis (FFDM), and overall survival (OS). Biochemical failure was defined according to the Phoenix definition of biochemical failure, which is a rise at least 2 ng/mL above the nadir PSA following radiation. Univariable analysis used the Kaplan-Meier estimation method. The log-rank test compared the effect of NTDR on each outcome. Multivariable analysis (MVA) included NTDR, age, race, Gleason score, T stage, and PSA. Analyses were performed using the proportional hazards regression procedure using SAS 9.3. All men were treated with either 3-dimensional conformal radiation therapy (3D-CRT) or intensity modulated radiation therapy (IMRT), 1.8-2.0 Gy per day, typically with 10-MV photons with dose prescribed to cover 95% of the planning target volume. 16, 17 breaks, which was used as the cutoff to compare the outcomes with NTDR ≥33% vs <33%. We chose 33% as the cutoff to capture the number of breaks that has the potential to make a significant impact on outcomes. This cutoff value was also previously cited as being significant. 18 Among each risk group, there were no significant differences in FFBF, FFDM, CSS, or OS at 5 years for men with NTDR ≥33% compared to NTDR<33% (Table 2) . Specifically, FFBF was 100% vs 96.8% (P = 0.3), 88.6% vs 89.0% (P = 0.5), 82.5% vs 67.0% (P = 0.2) for low, intermediate, and high risk groups respectively. FFDM was 99.4% vs 99.5% (P = 0.2), 96.7% vs 96.4% (P = 0.9), 85.6% vs 88.4% (P = 0.9) for low, intermediate, and high risk groups respectively. CSS was 100% vs Figure 1 . Multivariable analyses including NTDR, age, race, Gleason score, T stage, and PSA were performed using the proportional hazards regression procedure. NTDR≥33% was not significantly associated with increased hazard ratio for outcomes in each risk group compared to NTDR<33% (Table 3) .
Discussion
Definitive EBRT for localized prostate cancer typically takes approximately 8 weeks to complete. When patients have to take a few unintentional breaks due to various reasons, patients and providers are concerned about negative effects on treatment outcomes. We found that relatively lengthy treatment breaks (defined as ≥4 fraction breaks vs. <4 fraction breaks, with all missing fractions made up at the end of treatment) did not significantly affect FFBF, OS, FFDM, or CSM among patients receiving high dose (>74 Gy) radiation without ADT. The findings suggest that prostate cancer has an indolent disease course compared to other malignancies; for most patients, a high overall dose of RT (>74 Gy) may be sufficient to kill prostate cancer cells, despite a few treatment breaks. Notably, the follow-up time of the cohort is relatively short (median of 5 years); thus, it is unclear if the same effect would be seen in men followed up for 10 or more years.
The data on the effect of treatment interruptions are limited and mixed. [7] [8] [9] 18, 19 The study by Lai et al. 8 showed lack of influence of RT duration on tumour control and treatment morbidity for stage B and C prostate cancer treated with median dose of 69.6 Gy for stage B and 70.2 Gy for stage C, while another study showed worse local control with RT treatment time >8 weeks when compared to ≤8 weeks in men treated with dose 65-70 Gy. 7 Notably, both used non-dose escalated RT, which has been shown to be inferior to dose-escalated RT for FFBF. On the other hand, two other relatively more recent studies were published with differing results. In a study by Liauw et al. 9 , a slight prolongation of treatment time (≤7 missed days) was not associated with inferior biochemical failure, especially in men treated with escalated dose of ≥74 Gy. The authors found that men with five or more missed days had similar 4-year FFBF rates (79% vs. 83% in men with <5 missed days), especially in the subset of men receiving 74 Gy or greater (89% for both groups). Analysis of missed days was performed for the subsets of dose, ADT, and risk category. Men without ADT had a lower FFBF rate with more missed days (P = 0.003), but this association was not seen in men treated to a dose of 74 Gy or greater (P = 0.7425). Thames et al. revealed that longer overall treatment time was significantly associated with worse biochemical failure in low-and intermediate-risk patients treated with total radiation dose ≥70 Gy but not with dose <70 Gy. 19 These effects were quantified as a relative increase after 5 years follow-up of 6% in BFs for a 1-week increase in overall treatment time, a relative decrease of 15% in BFs for a 6-Gy increase in dose, and a dose equivalent of proliferation of 0.24 Gy/day. The authors concluded that meaningful improvements in outcome may be targeted AA, African American; BF, biochemical failure; CI, confidence interval; CSM, cancer-specific mortality; DM, distant metastasis; HR, hazard ratio; N/A, not applicable due extremely low number of events; OM, overall mortality.
20,21
by modest increases in total dose and decreases in overall treatment time. However, the dose threshold of 70 Gy in that study was lower than what we used for this current study, 74 Gy, making reconciliation of these two studies challenging. Our study showed no significant difference in the outcomes in patients with NTDR ≥33% compared to <33% when RT dose was escalated to ≥74 Gy. These results are consistent with those reported by Liauw et al., where there was a trend towards worse biochemical failure at 4 years with ≥5 missed days (P = 0.08) when all patients treated with 62-76.4 Gy were included, but there was no difference in biochemical failure among those treated with escalated dose ≥74 Gy (P = 0.8). 9 There are a few possible reasons that may explain our results. First, biochemical outcomes have become increasingly favourable for prostate cancer because of dose escalation and stage migration. 22 Thus, many of the low-risk and favourable intermediate-risk patients included in this analysis may have had favourable outcomes if observed. Next, it has been postulated that mesenchymal stem cells generate pericytes to promote tumour recurrence via vasculogenesis after high-dose radiation therapy; the high cumulative RT dose is able to kill these pericytes to prevent recurrence. 23, 24 Finally, given the high overall RT dose delivered (>74 Gy), which is typically not achieved in other disease sites, a different mechanism of cellular death (e.g. necroptosis 25 ) may be responsible for further cellular kill. This study has limitations. First, we cannot comment on the reason for treatment breaks. Some patients may have had breaks because of holidays (these would be unavoidable, as most facilities do not treat on holidays); others because of urinary toxicity, though these are typically present after treatment; 26 others may have had breaks because of critical obligations or medical illness. The NTDR has limitations: a treatment break of 5 consecutive days may have a different impact on outcomes compared to that of 5 interspersed days during the entire treatment. We used the NTDR because we were able to make it more generalizable to patients. There was no apparent frequency of the days missed in the entire treatment period (i.e. early vs. late), and we do not have sufficient patients to perform subset analyses. Similarly, over the course of the 22-year period, there have been changes in dose fractionation, precision in planning and delivery, pelvis versus non-pelvis, treatment of whole pelvis versus lymph nodes, margins, doses, IMRT/IGRT and follow-up. These may affect the results of the analysis. However, given the long natural history of prostate cancer, it would likely be impossible to find the impact of these factors in a prospective setting. Additionally, the follow-up time of the cohort is relatively short (median of 5 years); thus, it is unclear if the same effect would be seen in men followed up for 10 or more years.
Additionally, we did not evaluate the impact of NTDR among hypofractionated schedules, which are increasingly used among prostate cancer patients. 27 Extremely hypofractionated schedules may have mechanisms for cellular death similar to brachytherapy, and it is unclear if treatment breaks of days would have significant impact on patient outcomes. Furthermore, the majority of patients included in this study had low or intermediaterisk disease, and the number of patients with high-risk disease was relatively small. It is possible that protraction of radiation course may have a negative impact on patients with high-risk disease but our data failed to demonstrate that due to the relative small number of patients with high-risk disease.
In conclusion, unintentional treatment breaks during dose escalated external beam radiation therapy for prostate cancer did not cause a significant difference in outcomes, although duration of follow up limits the strength of this conclusion. The findings suggest that prostate cancer has an indolent disease course compared to other malignancies, and that a high overall dose of RT (>74 Gy) may be sufficient to kill prostate cancer cells, despite a few treatment breaks.
